lations clearly indicate that a Munch pressure-flow system can operate over long distances provided (a) the sieve tube is surrounded by a semipermeable membrane; (b) sugars are actively loaded in one region and unloaded at another; (c) the sieve pores are unblocked so that the sieve tube hydraulic conductivity is high (around 4 centimeters2 second`bar-'); (d) the sugar concentration is kept high (around one molar in the source region); and (e) the average sap velocity is kept low (around 20-50 centimeters hour-'). The dimensions of sieve cells in several species of plants are reviewed and sieve tube hydraulic conductivities are calculated; the values range from 0.2 to 20 centimeters' second`bar-'. For long distance pressure-flow to occur, the hydraulic conductivity of the sieve cell membranes mnst be about 5 X 10-' centimeters second' bar-' or greater.
Munch proposed his qualitative model of how unidirectional mass flow could arise in sieve tubes over 40 years ago (10, 11 (8) , but credit for deriving a complete mathematical description must go to Eschrich et al. (4) ; in this paper the authors describe some interesting experiments using tubular semipermeable membranes as a model system of the sieve tube which they interpret in terms of the mechanism put forward by Munch. They arrived at some rather unrealistic conclusions and suggestions for new terminology for which they were speedily and justifiably criticized (17) . The their system the semipermeable tubular membranes are so large in diameter (7 mm ) and so short (20 cm ) that pressure gradients along the tube can be ignored; and (b) in phloem there may be a large gradient of water potential outside the sieve tube which must be taken into account.
While our paper was in preparation yet another communication appeared (19) which has gone some way to overcome some of the earlier inadequacies (4) . Young et al. (19) derived some of the differential equations which govern steady state translocation. Although the authors do not report analytical or numerical solutions of their system of equations, they do discuss some qualitative behavior that can be deduced from the system of equations. Their analysis is largely correct but some minor inadequacies will be pointed out later. The authors do persist in overstating their case regarding terminology and the proper cognition of the Munch pressure-flow system; these points will be discussed here.
There is an unnecessarily heated debate over whether the translocation mechanism being discussed should be called a "pressure-flow" or a "volume-flow" mechanism (1, 4, 17, 19) . Young et al. (19) state that, "it should be noted that the hydrodynamic equations of motion based on Newton's second law are not required for rationalizing the basic phenomenon of solution flow. To put it another way, neither the inertial nor the viscous properties of the fluid are intrinsic to the basic phenomenon of solution flow. It is for this reason that the term 'volume-flow' is a more appropriate designation of the mechanism than the term 'pressure-flow'." This argument is largely useless because Young et al. never clearly defined what they mean by "intrinsic." It is true that the pressure and concentration gradients are not determined uniquely by the sugar loading or unloading rate across a semipermeable tubular membrane, but neither is the volume flow through the tube or in and out of the tube determined uniquely by sugar loading into or from the semipermeable sieve tubes. Thus neither concept is intrinsic, but they are both equally important in understanding the system. The only quantity determined uniquely by the sugar loading and unloading rate is the sugar flux down the tube (in the steady state). If we follow the reasoning of Young et al. (19) we would have to call the Munch pressure-flow system the "sugar-flow" system, because it is the loading (and perhaps unloading) process that provides all the energy for the operation of the system.
We think the reply (19) to Weatherley (17) was a little too narrow in outlook; we must be cognizant of all the aspects and approaches inherent in the competing terminology to fully understand the system. We prefer to adhere to the old terminology, pressure-flow, for purely traditional reasons. After all, we have not dropped the word atom from our vocabulary simply because our conception of the entity has changed over the decades.long file. Their system of equations (some of them differential equations) had no simple analytical solution, but the equations defined completely the Munch model in both the steady state and nonsteady state. By specifying the sugar loading rate, the hydraulic conductivity of the sieve tube (from Poiseuille's law), and by guessing the hydraulic conductivity of the semipermeable sieve cell membranes, they were able to obtain a steady state solution by a time-consuming iterative computer calculation.
It is more advantageous to obtain a set of equations for iteration which already apply to the steady state. Below, we present a simpler set of equations which were derived by Tyree. The equations can be solved on a programmable desk calculator; we used a Hewlett-Packard 9810-A. The system of equations allows for a clearer qualitative understanding of Munch pressure-flow, and it is now possible to apply these equations to the study of very long translocation paths (50 m) because the iterative calculations can be executed quickly and cheaply. Christy and Ferrier have obtained independently solutions for transport over long distances; in order to prevent duplication of data, our findings are combined in the results and discussion.
simplicity the sieve tube is assumed to have a uniform radius; Christy and Ferrier (1) allowed their tubes to taper in the source and sink regions. The solutions for a nonconstant radius are given in the appendix. The outside water potential, TI(bar), the sugar loading flux rate, J* (mole sec-1/cm2 of peripheral membrane), the passive water volume influx (or efflux), J,,* (cm3 sec-'1cm2 of peripheral membrane), the specific mass transfer rate, J (mole sec-1/cm2 of sieve tube cross section), the average velocity = the average volume flux, v (cm3 sec-1/'cm2 of sieve tube cross section or cm sec-D), the sucrose concentration inside, C (mole cm-3), and the turgor pressure, P (bar), are all functions of the distance, s (cm), down the tube. The functional dependence of these quantities shall be symbolized P(s) or P(0) which means the pressure at distance s or at s = 0 respectively. For simplicity, the sieve cell is assumed to contain only water plus one sugar (sucrose). If other sugars, amino acids, or ions are included, a more complex mathematical model results.
The first conservation equation concerns specific mass transfer, because diffusion in the direction of transport is negligible, the statement is THEORY In most quantitative models of translocation, the concentration of translocate within the sieve tube (or microtubule within a sieve tube) is assumed to be radially uniform, i.e. the same everywhere within a plane perpendicular to the central axis of the tube. It is also generally assumed that the solute flux by diffusion down concentration profiles in the direction of translocation is small compared to the solute flux by bulk fluid flow (6) . The basis for these assumptions has been reviewed recently by Tyree and Dainty (15) .
To obtain an iterative solution, equations are sought which will give the gradients of concentration and pressure at a point in terms of known quantities (including the concentration and pressure) at the point. The iterative equations allow us to calculate new known quantities at adjacent points by multiplying their known rate of change with distance by a sufficiently small interval of distance, As. The solution requires three statements of the conservation of matter and two transport equations, e. g. these Poiseuille's law and an equation for passive water permeation across the sieve cell membrane.
The Statements of Conservation of Matter. , depends on the environmental water stress conditions imposed on the plant; the sucrose-loading rate, J* (mole sec-' cm-2 of peripheral membrane) is fixed at a value to yield the appropriate specific mass transfer rate, J (mole sec-' cm-' of lumen cross section); J.* (cm' sec'I cm-2 of peripheral membrane) is the passive water flux (positive for influx); C (mole cm-3) is the sucrose concentration in the lumen; P (bar) is the hydrostatic pressure in the lumen; v (cm sec-1 or ml sec-' cm-2 of lumen cross section) is the average fluid velocity or average volume flux rate through the lumen. The peripheral membrane has a hydraulic conductivity symbolized Lp (cm sec'I bar-') and the sieve tube has a hydraulic conductivity symbolized L (cm2 sec-' bar-').
The second conservation statement is that in the steady state, the sugar transport rate (mole sec-') at point s must equal the total loading rate from s = 0 to s, i.e. where r is the radius of the tube. The third conservation statement is that in the steady state the volume flow rate (cm3 sec-') at point s must equal the total volume loading rate from s = 0 to s, i.e. 7rr3J.*(0) + 7r2VrJ*(0) + 2rr J,,,*ds + 27rrV, f JJ*ds = 7rrv from which we obtain, v = 2 J*ds + -VIs J*ds + J.*(O) + fVJ*(O), (3) From equations 5, 6 , and 9 it follows that, L=16(1 + l*r 2r*2
The factor of 106 converts from pressures in c.g.s units to bars. Poiseuille's law cannot be applied strictly to a tube in which water is entering or leaving through the walls because the momentum changes in the accelerating or decelerating fluid contribute to the pressure gradient in addition to the viscous effects. This point has been discussed by Horwitz (8) who concludes that the error is likely to be small in a Munch pressure-flow system. There are, however, additional rapid changes of momentum in a small boundary layer where flow lines bend from a path parallel to the lumen axis in order to pass through the pores. We cannot estimate the importance of this contribution, therefore any estimate of L from equation 10 is likely to be high.
In this paper we wish to pursue the logical consequences of assuming that the sieve plate pores are unblocked. We do not wish to imply however that we necessarily believe the pores are normally blocked or unblocked. We believe much insight can be Since T1 can be assigned values as a function of s according to the water status we wish to assign to the plant, J,,* is a function of only two unknowns; these are C and P (equation 11). We need only determine the boundary conditions on C, P, and Jto* at s = P((0) = J*(0) + RTC + wo(0) Lp (16) The only other restriction that can be applied to the system is in the form of an inequality, P > 0 for all s; we could also say that C > 0 for all s but this is less restrictive since it could allow negative P's. Our choice of C at s = 0 is arbitrary beyond the restrictions on P; therefore we are forced to conclude that several steady state solutions are possible which will give the same specific mass transfer rate for sucrose depending on the choice of C at s = 0. This point may have been overlooked by Christy and Ferrier (1) but it is difficult to tell because they made no definitive statement about it. The exact solution of the profiles of C, P, v, and J,,* under any given loading and unloading conditions depends on Plant Physiol. Vol. 54, 1974 591 (14) www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 1974 American Society of Plant Biologists. All rights reserved.
the previous history of the system; i.e. it depends upon how the steady state transport is approached. The previous history of the system out of steady state is in some way specified by the choice of C(0). This point can be proved by examining equation 2; J does not depend on C, but as C drops, v increases to keep J constant (see equation 12) .
To solve for C, P, J,*, and v as a function of distance we need only choose C at s = 0, 'I'(s), J*(s), and the physical parameters of the system (L, Lp, and r). The value of J,,* at s = 0 is determined by equation 15; P at s = 0 is determined by equation 16; equations 13 and 14 can then be used to find dP/ds and dC/ds respectively. Multiplying dP/ds and dC/ds by the iteration interval As and adding the results to the value of P and C at point s leads to new values of C and P at s + As. These new values of P and C can then be used to calculate new dP,/'ds and dC/ds values by using equations 11, 13, and 14.
RESULTS AND DISCUSSION
On the Choice of the Physical Parameters. Before profitable iterative solutions can be obtained, it is necessary to arrive at a basis for choosing the physical parameters that govern the system; these are the peripheral membrane hydraulic conductivity, Lp and the sieve tube hydraulic conductivity, L (which in turn depends on the sap viscosity, -q, the lumen length, 1, the sieve pore length, 1*, the lumen radius, r, the sieve pore radius, r*, and the total pore area to the lumen area ratio, a).
It is probably best to choose values of Lp that cover most of the known range of Lp values for plant cell membranes. Tyree (14) has reviewed the literature and found Lp to range from a high of Values of L are a bit harder to arrive at because quantitative data on sieve cell dimensions is usually lacking. In Table I Also the value of JP must be chosen to make equation 2 yield a biologically reasonable specific mass transfer rate, J, after loading has proceeded over a reasonable path length. The range of J's are 8 to 20 X 10-6 mole sec-' cm-2 (10-25 g cm-2 hr-') for dicotyledonous stems and 2 to 3 X 10-6 mole sec-' cm-' (2.2-3.5 g cm-2 hr-') for dicotyledonous petioles and coniferous stems (21) . Christy and Ferrier (1) studied steady state pressure-flow in sugar beets. Their transport path was divided into three regions. Sucrose loading proceeded in the first region (9.6 cm long) at the rate of 3.4 X 10-6 A,g sec-1/sieve tube to yield a total loading rate of 1.63 x 10-' ,ug sec-'; in the loading region the sieve tube diameter increased from 2 ,um to 10 ,um with distance. In the second region, the path region (9.6 cm long), sucrose was neither loaded nor unloaded, the sieve tube diameter was uniform at 10 ,um, and the specific mass transfer rate can be computed to be 6 x 10-6 mole sec-' cm-2 throughout. In the third region (9.6 cm long), sucrose was unloaded at the rate of -3. A brief verbal description of Figure 2 , plot A will put the interrelated events into perspective. At the top of the loading zone (s = 0), the concentration is assigned a value of 5 X 10-4 mole cm-3 and J* = 1.5 x 10-1" mole sec-1 cm-'. The average sap velocity, v, is nonzero but small (equation 12); Young et al. (19) (J,,* is then negative). After a certain distance has been passed, the rate of water exit can concentrate the sap at nearly the same rate as sugar removal dilutes it, but this is not always the case. It is notable that the water potential difference between the sieve tube sap and outside can be determined quickly from the J,w,* versus s plot because T'J -To = J,,*/Lp (equation 11).
The plots in Figure 2A are similar to those reported elsewhere (1) but they cannot be compared directly because, in this calculation r is held constant throughout and J* is constant with distance whereas in the other calculation (1), J* changes with distance because the radius changes with distance. Furthermore, the quantities plotted are not identical; we plot only v whereas Christy and Ferrier (1) plot both v and v7rr2 (= the volume flow rate cm3 sec-' through each sieve tube); we also plot J,,* whereas Christy and Ferrier (1) plot J, *27rrl (= the water flow rate into or out of each sieve cell). The exact shape of the curves also depends on the choice of all the other parameters. FoI example, Figure 2B is the same as Figure 2A except that Lp is decreased from 5 X 10-7 to 2 X 10-7 cm sec-' bar-', the absolute values of the loading and unloading rates are increased from 1.5 to 3.0 x 10-10 mole sec-' cm-2 and To is increased from -7 to -5 bars.
Christy and Ferrier discuss how their curves change when L and Lp are altered; the effect of these and other changes will be discussed later.
Some Using model I we were able to reproduce Figure 4 from Christy and Ferrier (1) within a reasonable degree of accuracy. In this calculation, the sieve cells start at s = 0 with r = 1 ,m and increase until r = 5 p,m at s = 9.6 cm and the cross sectional area of the sieve cells increases linearly with distance. Between s = 9.6 and 19.2 cm, r is 5 ,um and between s = 19.2 and 28.8 cm, the radius decreases to r = 1 ,um whereas the cross sectional area decreases linearly with distance.
It can be shown that the exact shape of the curves changes if the radius is allowed to change in any other way with distance.
In Figure 3 are two solutions comparable to those of Christy and Ferrier except that the radius in the loading and unloading zones change linearly with distance. The curves change yet again if the radii change linearly with distance but now the sugar-loading rate per unit peripheral membrane area is constant according to model II (Fig. 4) ( where J* = 0) and by trial and error determine how long the transport path can be before plasmolysis occurs (P < 0).
The maximum distance can be made arbitrarily short simply by choosing a sufficiently small *0(0) such that P = 0 at s = 0. In this case, we chose a IO(0) and a gradient of water potential, d,'0/ds, such that I°at the end of the sieve tube is not less than . At a distance of 318 cm, the pressure in the sieve tubes just drops below zero. The maximum distance for translocation could be increased by raising C(0) because the same specific mass transfer rate could be maintained at a higher concentration at a lower velocity (equation 2); it is the sap velocity that is the most limiting factor because it is the value of v which controls the rate of pressure decrease (at any given L value). It is probably not justifiable to raise C(0) much above 9 X 10-4 mole cm-3 because concentrations substantially above this value are probably rare and because transport velocities much below those in Figure 5 are not very likely (20) . The calculation reported in Figure 5 illustrates a very interesting phenomenon predicted by Young et al. (19) , i.e. that v increases down the transport path. In the path zone where J* = 0, the sap velocity continually increases until the system becomes very unstable and "runs away" with itself over the last fraction of a meter. We feel that the run away phenomenon is not an artifact of the iterative calculation because a reduction in the interval of iteration does not change the predicted velocities.
We have repeated two other calculations similar to that in Figure 5 using the L value for Yucca (Table I) the path region. An LP of 5 x 10-1 cm sec-1 bar-' is 10 times smaller than that reported for any plant cell membiane (9, 14) .
Little is gained by the reduction of LP in the path region.
There are only two other ways of increasing the maximum possible translocation path length that have not been discussed already. The most effective way is to increase the sieve tube hydraulic conductivity, this will be discussed in the next section. The only other way is to stabilize the sap velocity at a constant or continually decreasing velocity. The way to do this is to eliminate the path region where J is constant and replace it with a very long sink region where sugars are continually and slowly unloaded, in this way RTC can be made to decrease more rapidly than P. Making most of the translocation path a weak sink is not an unreasonable thing to assume for trees because growth, metabolism, and storage occur throughout the stems of trees (21) . Figure 6 illustrates how the effective translocation distance can be increased to 5.1 and 6.1 m by continuous unloading. All the parameters are the same as those in Figure 5 except that J* = -3 X 10-12 mole sec-' cm-2 for s = 10 to 510 cm in the solid lines and J* = -2.5 X 10-12 mole sec-1 cm-2 for s = 10 to 610 cm for the dotted lines. It is interesting to point out that in the extreme case (dots) is continually decreasing from s = 10 to 340 cm even though water entry (Ju*) is positive; this happens because the volume of sugar unloading exceeds the volume of water entering the sieve tube (V.,J* = -5.125 x 10-10 cm' sec-2 cm-2). In the model put forward by Young et al. (19) , the volume contribution of sucrose was ignored, therefore they could never have predicted this phenomenon. The sugar volume can not be neglected because a 1 M solution of sucrose is about 20' ( sugar by volume.
The Effect of Varying Selected Parameters in Long Distance Translocation. Christy and Ferrier (1) discussed the effect of varying the sieve tube hydraulic conductivity, L, and the peripheral membrane hydraulic conductivity, LP, using sugar beet parameters and a fixed path length ( = 28.8 cm). We will extend their discussion to encompass the effects of varying L, LP, C(O), and the specific mass transfer rate, J, when the path length is more than 10 m long.
An important question arises when obtaining steady state profiles of C, P, v, and J,i* over very long distances. Is it valid to assume that a steady state could ever be obtained over a translocation path 10's of m long? The question cannot be answered with the set of iterative equations in this paper because time is not a variable. The theories puLt forward previously (4, 19) suggest that the relaxation time characteristic of pressure-flow svstems approaching steady state transport is independent of the length of the system when the pressure gradient is negligible. If r is the relaxation time then 7 = r/2Lp7r3 (17) where RT pb 7r,. = RT f b CClS b (18) and where b is the total length of the translocation path. Letting r = 10-cm, LP = 5 X 10-cm sec-' bar-', and 7rq = 10 bar, the value of r becomes 102 sec. If this calculation is correct then a Munch pressure-flow system ought to approach steady state quite rapidly. This calculation of relaxation time cannot be applied to a pressure-flow system in which the pressure gradient is significant. In the tubular semipermeable membranes studied by Eschrich et al. (4) , if the length were increased (and everything else is held constant), the velocity of the advancing front can increase without pressure limitations, therefore equilibrium is approached with a length-independent relaxation time. In sieve tubes the maximum velocity obtainable is limited by the length, L, P, and C. If the volume of the transport path is constant and the mean solute concentration of sugar changes when approaching a steady state, the only way this can come about is by a difference between the total loading and unloading rates. For example, a transport system with a J = 6 X 10-6 mole sec-1 cm-2 and r = 10-3 cm must have a loading rate of 1.89 x 10-11 mole sec-; if the total path length is 10 m and the loading rate changes by one-third, the time required to change, the average concentration by 10-4 mole cm-," is 5 X 104 sec. This time is comparable If the relaxation time is indeed long then calculated steady state profiles of P, C, v, and J,/* will be realized rarely in nature, but these calculations will still allow us to argue the feasibility of the pressure-flow system. If Munch pressure-flow cannot work over long distances in the steady state it probably will not function under nonsteady state conditions.
The Effect of Varying the Sieve Tube Hydraulic Conductivity, L.
It is easy to predict that increasing L will decrease the required pressure gradient (equation 5), thus we could expect much longer translocation paths to be possible. Upon examination of Table I , it is clear that the value of L used so far (= 0.2 cm' sec-1 bar-') is not representative of the other species (all of which tend to be taller plants than sugar beet). It would be reasonable to examine the effect of assigning values of L in the range of 1 to 4 cm2 sec-I bar-'.
We have done several calculations with large sieve tube hydraulic conductivities and a sieve tube radius equal to 1 x 10-' cm (which is more representative of the species in Table I Figure 8 reports the steady state profiles of P, C, v, and J,$ for a 25-m transport path (which might represent a medium sized tree). In all the plots, all the parameters are held constant except Lp; the peak specific mass transfer rate at the bottom of the loading zone (s = 10 cm) is 9 X 10-6 mole sec-' cm-2 (= 11.1 g hr-' cm-2). This specific mass transfer rate is about 3 times the value expected in coniferous stems and at the lower end of the range of values for dicotyledonous stems. The values of all the relevant parameters held constant are given in the caption. Plots A, B, and C have Lp values of 1.5 x 10-6, 2 x 10-i, and 1 x 10-7 cm sec-' bar-' respectively; a further decrease of a factor of 2 will lead to negative pressures. In the profiles of P and C the dots above plot A are for Lp = 5 x 10-6 cm sec-' bar-' and the dots below plot A are for Lp = 5 x 10-i cm sec-' bar-'.
It is tempting to speculate that the Lp of peripheral sieve cell membranes is likely to be about 5 x 10-' or greater but less than 1 x 10-', the highest known Lp reported in Characean cells (3) . The profiles are affected only moderately by the value of Lp in this range. But clearly, Lp cannot be as low as 5 X 10-8, the value reported for mature maize-root cortical cells (9) .
In most of our calculations we chose Lp equal to 5 X 10-7 Cm sec-' bar-' as a compromise. When Lp is very small, the iterative solution is computationally very stable, thus allowing for large intervals of iteration, but when Lp is too low, the profiles are affected adversely.
A few other qualitative effects of lowering Lp can be noted in In Figure 9 are the profiles of P, C, v, and J,'* for another 25-m path. The upper 10 cm is loaded at a rate of 4.5 x 10-10 mole sec-' cm-2 to yield a maximum specific mass transfer of 9 x 10-6 mole sec-1 cm-2; all the relevant parameters held constant are in the caption to Figure 9. In plots A, B, C, D, Figure 9 is not far from the velocities reported for Fraxinus americana (19) . As the starting concentration increases, the qualitative effects are an upward shift of the pressure profile, a decrease in the pressure gradient, an upward shift of the concentration profile, a decrease in the concentration gradient, and a decrease in the average sap velocity profile.
The Effect of Varying the Peak Specific Mass Transfer Rate, J at s = 10 cm. In the solutions presented here, the sugar is unloaded slowly at a uniform rate along most of the path; therefore the specific mass transfer rate is always declining along the sieve tube. The peak specific mass transfer rate occurs at the junction between the loading and unloading zone (at s = 10 cm in these models).
In Figure 10 are the profiles of P, C, v, and Ju,* as the peak specific mass transfer rate ranges from a low of 3 x 10-6 to a high of 15 X 10-6 mole sec-' cm-2. As might be expected, the qualitative effect of increasing the specific mass transfer rate is to increase the pressure and concentration gradients and the sap velocity. Also, as the sugar transport rate increases, the starting pressure decreases and the magnitude of the dilution effects at the transition region between the loading and unloading zones increase.
Some Comments Concerning Long Distance Translocation. These calculations indicate clearly that a Munch pressure-flow system can meet all the transport requirements over long distances provided (a) the sieve tube is surrounded by a semipermeable membrane; (b) sugars are actively loaded in one region and unloaded at another; (c) the sieve pores are unblocked so that L is high (up to 4 cm2 sec-' bar-'); (d) the sugar concentration is kept high in the source region (around 1 M); and (e) the average sap velocity is kept low (around 20-50 cm hr-'). The basic requirement for Munch pressure-flow is that the pressure gradient, dPi'ds, must be kept small enough to prevent plasmolysis of the sieve tube. From equation 5 dP/ds = -v/L; because dP/ds is inversely proportional to L, the hydraulic conductivity must be high, but we feel it unlikely that most trees will have a sieve tube hydraulic conductivity over 4 cm2 sec-' bar-'. More quantitative anatomical work needs to be done to arrive at better estimates of L. From equation 1 it can be seen that v = J/C; in order to keep v low at any given specific mass transfer rate (J), C must be in the range of values in Figures 8, 9 , and 10.
The model system on which we have based the calculations is an oversimplification of a real translocation system for two important reasons: (a) real systems contain more solutes than just sucrose; and (b) real sieve tube systems branch and interconnect with other sieve tubes.
One of the greatest problems facing a pressure-flow system is that many different sugars, amino acids, and salts are constrained to move in the same direction at the same time in sieve tubes. This fact requires us to postulate a rather complicated coordination between the loading and unloading rates of all the constituent solutes; otherwise one or more solutes will accumulate in concentration at (or totally vanish from) some part of the translocation path. This problem is shared by all unidirectional mass transport models, but it is not shared by bidirectional transport systems.
The problem of branching and interconnection of sieve tube systems makes the mathematical solution of the system much more complex. Interconnection of sieve tubes will lead to a complicated interconnection between sources and sinks. For example, in a tree with a large crown, branching could allow splitting of the sap stream at the junction point beyond which some sap proceeds up the tree and the rest goes down. If the upward moving stream is ultimately connected to another source at a distant point up the tree, then bidirectional transport can occur at different parts of the same sieve tube downward from the upper source and upward from the junction point; at some intermediate place between the upper source and the junction the two streams will meet at zero sap velocity.
Either branching or membrane proliferation (by transfer cells or symplasmic connections) may be necessary in the leaves in order to reduce the sucrose flux rate across the peripheral membranes. The values of J* used in this paper (150-750 pmoles sec-' cm-2) are very large for solute fluxes across plasmalemma membranes. Salt fluxes are rarely found to exceed 5 pmoles sec-' cm-2 acioss plasmalemma membranes. If there is no membrane proliferation in sugar beet then the sucrose flux rate works oLIt to be 130 pmoles sec-' cm-2 even with the extensive branching reported (5) . Branching or membrane proliferation in the loading zone will have little effect on the overall profiles of P, C, v, and J,,* in our calculations as long as L is high (approximately 2 cm2 sec-' bar-') because the pressure and concentration changes are small even over a 10-cm unbranched loading zone. APPENDIX Below are the iterative equations needed for Munch pressureflow systems in which the radius of the sieve tube is variable. In model I, the sugar-loading rate is specified on a per unit length basis, J' (mole sec-' cm-'); in model II the sugar-loading rate is specified on a per unit membrane area basis, J* (mole sec-' cm-2). In the following it is necessary to distingulish between the radius at s = 0, r(0), and the radius at any point, r.
Model I. 
At s = 0 equations 15 and 16 still apply to give J5*(0) and P(0).
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